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Abstract
ZeroWaste as a project aims to reposition existing timber building stock within a circular economy framework, reframing them 
as valuable resources for reuse rather than disposal. This paper presents the computational methods and physical construction 
outcomes of the project, showcasing how the circular economy principles of reuse and reduced material consumption can 
be actualized through cooperative robotic fabrication. Initially, a pavilion-scale prototype, mirroring conventional North 
American stick frame construction, is constructed. A robotic cell, equipped with three large-scale robotic arms and 3D 
cameras, is used to generate precise as-built geometric data on the prototype, which is used for planning robotic processes. 
A novel topological representation of a structure, the support hierarchy graph, is developed and used to generate candidate 
fabrication sequences. These sequences are then assessed for robotic execution and structural feasibility. Leveraging the 
cooperative nature of the setup, these sequences are planned without requiring external scaffolding for structural stability 
as the robots are used to provide temporary support during the fabrication process. Three physical case studies validate the 
developed computational and cooperative robotic workflow. In Phase 1 we perform a small-scale disassembly intervention 
by planning the removal of a single member. In Phase 2 we expand the disassembly scope to the full South wall and perform 
a minor reassembly at the end of the disassembly sequence. In Phase 3 we expand the scope further, disassembling all 
remaining members in the West wall and roof sub-structures while performing a concurrent one-to-one reassembly process, 
where each member removed is placed back into the structure to turn the typical stud wall into a stiffer lattice structure. The 
successful completion of the three case studies demonstrates the potential for existing buildings to serve as reservoirs of 
reusable materials through scaffold-free cooperative robotic disassembly and reassembly.
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1 Introduction

The Architecture, Engineering, Construction (AEC) indus-
try has a significant negative impact on the environment 
due to its material and energy-intensive manufacturing and 
construction processes (International Energy Agency 2018) 
and the high embodied carbon content of structural systems 
(Kaethner and Burridge 2012; Fang et al. 2023). For exam-
ple, buildings and construction activities accounted for 36% 
of global energy-usage and of 37% of global CO2 emissions 
in 2020 (United Nations 2021). This impact is further exac-
erbated by the increasing waste generated by construction 
and demolition (C&D) processes (US EPA 2018, 2020b), 
which were estimated to account for up to 30% of total waste 
produced globally in the 1990s (Purchase et al. 2022; Fish-
bein 1998).
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To illustrate this worsening trend, in the mid-1990s in the 
United States, construction and demolition (C&D) activities 
were responsible for generating an estimated 100–135 mil-
lion tons of waste, of which approximately 35–45% found its 
way to landfills (Mills et al. 1999; US EPA 1998). This C&D 
waste accounted for 29% of the total landfill volumes at that 
time (Lu and Yuan 2011). However, by 2018, the volume of 
waste from C&D activities had surged to 600 million tons, 
with 144 million tons or 24% of this waste ending up in land-
fills (US EPA 2020a). Thus, approximately half of landfill 
volumes in 2018 were associated with C&D activities, with 
the remaining municipal solid waste contributing 146 mil-
lion tons (US EPA 2020a). This trend is especially concern-
ing when considering the substantial construction needs of 
the coming century. Aging infrastructure must be replaced 
while accommodating the requirements of a growing and 
rapidly urbanizing global population (Ritchie et al. 2024).

When looking at C&D activities specifically, demoli-
tion accounts for approximately 90% of debris generation 
while construction activities only account for 10% (US 
EPA 2020a). This statistic underscores the urgent need for 
transformation within the industry with respect to demoli-
tion. Therefore, exploring novel approaches that emphasize 
deconstruction and material reuse, aligning with the princi-
ples of a circular economy (Geissdoerfer et al. 2017), pre-
sents a promising solution to the industry’s waste challenges. 
Research indicates that a significant portion of construction 
waste originates from inadequate waste reduction measures 
at the beginning of a building’s life-cycle, in early in the 
design stages, particularly in planning for building decom-
missioning (Osmani et al. 2008). In this paper, we address 
the challenges that also exist at the other end of the building 
life-cycle. We leverage technological advancements such as 
robotics and automation to assist in the decommissioning 
process, thus addressing the waste generated at the end of 
an existing structure’s life.

1.1  Paper organization

The paper begins with Sect. 2, where we present a literature 
review, covering topics such as circular economy design 
frameworks, robots in the construction industry, and coop-
erative robotic fabrication specifically within the context 
of material circularity. We also provide an overview of the 
ZeroWaste project on which this paper is based, describ-
ing how the project addresses circular economy and robotic 
fabrication through its research objectives. Following this, 
in Sect. 3, we outline the experimental setup, describing 
the physical robotic fabrication cell and the experimental 
prototype that is built and then experimented on in the three 
subsequent project phases. In Sect. 4, we detail the work-
flow and methods, focusing on the computational methods 
developed for various aspects of the project. This includes 

the use of robot-mounted 3D cameras to gather geometric 
information about the as-built conditions of the structure, the 
development of the topological support hierarchy representa-
tion, and the methods used to generate robotic fabrication 
sequences and assess their feasibility. In Sect. 5, we present 
and discuss the results of implementing the computational 
methods described in the previous section to plan and then 
execute three different disassembly and reassembly robotic 
fabrication case studies on the prototype structure. Finally, 
in Sect. 6, we conclude the paper, summarizing the main 
results and discussions from the case studies performed on 
the prototype structure, and suggesting ideas for future work 
stemming from the limitations of the current work.

2  Literature review

2.1  Circular economy design frameworks

The construction industry is actively moving away from the 
traditional linear single-use material flow model. To support 
this transition, there has been a focus on developing mod-
els for quantifying the environmental benefits of material 
circularity and the potential for reusing existing building 
stock (Cottafava and Ritzen 2021; Eberhardt et al. 2021). In 
parallel, novel frameworks have emerged that break down 
the concept of circularity into distinct principles relating to 
material and energy flows. An illustrative framework is the 
“narrow, slow, close, and regenerate” framework outlined 
in Konietzko et al. (2020), Çetin et al. (2021), which also 
serves as the foundation for a recent book on shifting to the 
circular built environment while leveraging modern digital 
technologies (De Wolf et al. 2023).

The “slow” principle, which focuses on extending the 
lifespan of products and components, encompasses a range 
of circular product design and business strategies that are 
applicable to the building industry (Bocken et al. 2016). One 
such strategy, known as “design for dis- and reassembly,” is 
demonstrated by a growing body of research that highlights 
the practical implementation of design and optimization 
strategies for the disassembly, reuse, and reconfiguration 
of discrete element structures such as planar trusses, space 
frames, moment frames, and reciprocal frames. Due to the 
diverse range of structural types and material systems, a 
variety of disassembly approaches exist, leveraging princi-
ples such as reversible and interlocking connections (Naboni 
et al. 2021; Glath et al. 2022; Zahiri 2023), designing reus-
able joints that can be used for different structural configura-
tions (Brütting et al. 2021), planning for reuse through a kit 
of parts optimization (Brütting et al. 2019, 2020), or using 
rigidity theory to design structures that can be taken apart 
efficiently in a modular way (Bruun et al. 2022a).
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These projects, emphasizing the “slow” principle by 
addressing the design stage for a structure, are a definite 
inspiration for the current project. But the focus of the pro-
ject described in this paper is more directly aligned with 
aspects of the “narrow” principle, aimed at reducing the pri-
mary resource inputs into construction activities associated 
with disassembly, as well as the “close” principle, aimed 
at demonstrating applications of reuse and reassembly for 
existing structures.

2.2  Robots in the construction industry

The construction industry has been slower in adopting 
automation technology compared to other sectors, despite 
its potential for efficiency gains (Barbosa et al. 2017). None-
theless, there remains an opportunity to harness modern 
technological innovations, particularly in the utilization of 
robots, to enhance construction productivity (The Business 
Research Company 2023). This is particularly relevant in the 
construction of intricate and efficient customized structures, 
where robots can excel in precise repetitive movements, 
accurate spatial positioning, and sustained task performance 
(García de Soto et al. 2018).

In the 1980s, the initial phase of integrating robots into 
construction focused on automating individual tasks using 
a single robots (Bock 2007; Bock and Linner 2016). How-
ever, recent years have witnessed a shift towards incorporat-
ing robots into broader contexts, employing more complex 
robotic setups for collaborative and adaptive construction 
processes (Parascho 2023). Over the last two decades, digital 
fabrication (dfab) has garnered attention in both the con-
struction industry and academia, aiming to expand geomet-
ric design possibilities through robot utilization (Gramazio 
and Kohler 2008, 2014). Departing from task-specific appli-
cations, dfab demonstrates how robotic fabrication can be 
used for more general-purpose tasks in creating complex 
and customized structures.

The dfab movement first saw robots employed in con-
structing prefabricated load-bearing walls with non-stand-
ardized profiles using discrete volumetric elements (Bon-
wetsch et al. 2006, 2007; Kohler et al. 2014). However, these 
robotic applications to discrete element brick structures pri-
marily focused on vertical layer-based construction (Bärtschi 
et al. 2010; Piškorec et al. 2018; Dörfler et al. 2016; Gift-
thaler et al. 2017). Subsequent projects, such as the DFAB 
house, demonstrated how digital design and robotic fabri-
cation processes could produce diverse non-standardized 
components for assembly into a building-scale structure 
(Willmann et al. 2016; Hack et al. 2017, 2020). Other dfab 
examples illustrate the breadth of applications possible 
when utilizing robots, including cutting doubly-curved 
surfaces for custom formwork out of foam blocks (Sønder-
gaard et al. 2016), constructing timber wall modules from 

non-standardized members (Thoma et al. 2018), winding 
fibers to create modular panels for shell structures (Doerstel-
mann et al. 2015), and building branching structures using 
foam blocks (Wu and Kilian 2018).

2.3  Cooperative robotics and material circularity

Cooperative robotic fabrication, a specialized form of 
robotic manufacturing, entails synchronized robotic agents 
working together to achieve greater system utility and unique 
outcomes that would be unattainable with independent robot 
operation (Cao et al. 1997). In this paper, we distinguish 
a cooperative robotic process from a collaborative robotic 
process, where the later refers to processes where human 
operators perform complementary actions alongside robotic 
setups (i.e., human-robot collaboration) (Amtsberg et al. 
2021; Yang et al. 2024). Yet cooperative and collabora-
tive processes are not mutually exclusive, as collaboration 
between humans and a multi-robot setup can occur while 
robotic agents are either working cooperatively (Bruun et al. 
2020) or non-cooperatively (Weckenborg et al. 2020; Shi 
et al. 2012).

The use of a cooperative robotic fabrication approach 
as a subset the dfab research domain, for construction at 
the building-scale, was first demonstrated in Parascho et al. 
(2017), Parascho et al. (2018). Cooperative robotic fabri-
cation since has emerged as a promising approach, show-
ing the potential to enhance fabrication complexity and the 
degree to which a process can be automated (Bruun et al. 
2021; Mesnil et al. 2023). However, the utilization of mul-
tiple robots working together offers additional benefits. A 
review summarizing examples of cooperative robotic fabri-
cation across the construction industry, focusing on how it 
addresses principles of circular economy and material circu-
larity, illustrates this point (Bruun et al. 2024). This review 
highlights several projects demonstrating material reuse and 
reduction by achieving scaffold-free assembly and disassem-
bly. The cooperative function of the robotic setup (i.e., sup-
port/place/remove sequencing) used for the project described 
in this paper, is directly inspired by the previous applications 
summarized in this review. For example, multiple robotic 
arms were cooperatively sequenced to support the central 
arch of a masonry vault during its assembly (Parascho et al. 
2020, 2021; Han et al. 2020), and were used to stabilize a 
timber space frame arch structure during its assembly and 
disassembly (Bruun et al. 2022a).

2.4  The ZeroWaste project

This paper presents the results of the ZeroWaste project, 
which serves as a practical demonstrator and a pivotal link 
between design frameworks based on material circularity 
(Sect. 2.1) and the use of robotic automation technology 
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in the construction industry (Sects. 2.2 and 2.3). While our 
project bears the title “ZeroWaste,” we acknowledge that 
its literal interpretation may be misleading. We wish to 
clarify that our aim is to set forth an aspirational objective 
for the robotic workflow and methods explored within the 
“close” and “narrow” principles of a circular economy. We 
do not claim that our project eliminates waste entirely or 
has zero environmental impact.

Our research is conducted on a prefabricated timber 
prototype, which is meant to represent a generic unknown 
existing structure built according to the common North 
American stick frame construction practices. This choice 
is based on the prevalence of this building type coupled 
with the frequency that timber buildings are disposed of at 
the end of their lives, as noted in previous studies (O’Brien 
et al. 2006; Diyamandoglu and Fortuna 2015). Notably, of 
the 40.8 million tons of wood construction debris gener-
ated in 2018 in the US, 72% of this total is sent to land-
fills, where 92% of this amount is attributed to demolition 
processes (US EPA 2020a). To address this linear material 
flow, we propose reimagining timber buildings as mate-
rial depots, recognizing their potential as reservoirs of 
valuable resources in the context of a circular economy 
(Zimmann et al. 2016). This shift prioritizes the upstream 
flow of materials on construction sites, reducing reliance 
on upstream virgin materials and downstream recycling 
and waste industries (Garcia et al. 2021). In addition, we 
aim to perform all processes in a scaffold-free manner to 
reduce the materials typically required to provide support 
during assembly and disassembly.

2.4.1  Research objectives

The ZeroWaste project is situated at the intersection of two 
key research areas: (1) circular economy and (2) robotic 
fabrication. The project aims to achieve various objectives 
that highlight the possibilities and benefits of combining 
these two research domains.

The objectives related to circular economy principles 
are the following: 

1. Physical Case Study: Demonstrate how existing timber 
buildings can serve as reservoirs of reusable materials.

2. Material Reduction (narrow principle): Avoid the use 
of external temporary supporting structures during con-
struction.

3. Material Reuse (close principle): Build new structural 
configurations from reused material.

The objectives related to robotic fabrication are the 
following: 

1. Cooperative Fabrication: Harness the capabilities of a 
three-robot robotic setup working in a coordinated man-
ner.

2. Fabrication Sequences: Calculate feasible disassembly 
and reassembly sequences when considering constraints 
related to robotic reachability and structural stability.

3. Scaffold-free Construction: Execute the disassembly and 
reassembly sequences in a safe and controlled manner 
without the need for external temporary scaffolding, uti-
lizing the robots themselves as passive structural sup-
ports.

The significance of these objectives extends beyond the spe-
cific structural prototype under study. They offer a versatile 
framework applicable to a wide range of timber structures 
and discrete element structural types. The ZeroWaste project 
serves as an illustration of how circular economy principles 
can be integrated into construction practices, and it high-
lights the potential for modern robotic fabrication setups to 
streamline the complex processes involved in efficient disas-
sembly and reuse of building components.

2.4.2  Relationship to previous work

The current paper expands upon the initial findings docu-
mented in a work-in-progress paper presented at the 42nd 
Annual Conference of the Association for Computer Aided 
Design in Architecture (ACADIA) and published in the sub-
sequent proceedings (Bruun et al. 2022b). The earlier paper 
focused solely on the preliminary stages of the project, pro-
viding an overview of the computational methods and their 
planned application to Phase 1. However, it did not include 
any physical implementation results. The current paper pre-
sents a comprehensive explanation of all the computational 
methods that were developed, as well as detailed planning, 
execution, and results for all three project phases. References 
to the original work are provided where images are adapted 
or reused in this paper.

3  Experimental setup

3.1  Robotic fabrication cell

The cooperative robotic cell employed in this study is illus-
trated schematically in Fig. 1. It features two IRB4600-
40/2.55 robotic arms mounted on parallel linear tracks, 
providing a maximum travel distance of 3.9 m in the 
North–South direction. Positioned at the South end of the 
cell is an IRB7600-400/2.55 robotic arm securely fixed 
to the ground. All three robots are equipped with stand-
ard linear grippers featuring custom fingers tailored for 
pick-and-place operations involving dimensional lumber. 
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Additionally, each of the IRB4600s is equipped with a high-
definition 3D machine vision camera, the details of which 
are further discussed in Sect. 4.1.

The computational workflow relies on the COMPAS 
framework (Mele and others 2017). Robotic fabrication 
processes are planned and executed using the COMPAS 
FAB package in conjunction with a ROS backend (Rust 
et al. 2018). The execution of robotic motion commands 
is facilitated through COMPAS RRC (Fleischmann et al. 
2020), and the corresponding RRC driver operates on the 
IRC5 controller.

3.2  Experimental prototype

At the heart of this research project is a prefabricated physi-
cal prototype - a timber shed structure constructed in accord-
ance with conventional American stick frame construction 
practices. This prototype serves as a representative example 
of an existing structure that will undergo robotic disassem-
bly and reassembly, demonstrating the real-world application 
of the computational methods developed in this research. 
Illustrated in Fig. 2, the structure has dimensions of 8 × 6 ft 
( ∼2.4 × 1.8 m) in plan, a stud wall height of 8.0 ft ( ∼2.6 m), 
and a crown height of 9.6 ft ( ∼2.9 m). Constructed using 2 × 
4" and 2 × 6" SPF dimensional lumber, the traditional planar 
wall sheathing is replaced with linear members positioned 
diagonally across the stud wall to impart the necessary shear 
stiffness.

To streamline the forthcoming presentation of results 
and discussion regarding robotic fabrication sequences, the 

overall prototype structure is represented as a composite of 
distinct sub-structures - namely, the four walls (East, West, 
North, South) and the roof. Each of these sub-structures is 
then comprised of individual linear members, systematically 
labeled, and color-coded according to their respective types 
as shown in Table 1. The color-coded members and the five 
sub-structures are depicted in Fig. 3, where the individual 
members are labelled using the following convention AB#_ , 
where: 

Fig. 1  Layout of the three-robot cooperative fabrication cell with 
North defined towards the left

Fig. 2  The prototype timber structure
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A: The first letter indicates if it is part of the roof (R) or one 
of the four walls (N, S, E, W).

B: The second letter represents the type of member, as 
shown in the 2nd column of Table 1.

#: The third digit is used to number a unique member of a 
particular type.

$: The fourth digit (if required) is used to number a section 
of a single member.

The color-coding and member notation described in 
Table 1 and Fig. 3 matches the topological support hier-
archy representation, which is introduced in Sect. 4.2. 
This convention is consistently used in all the subsequent 
results and discussions in the paper.

3.3  Project phases

The ZeroWaste project aims to develop an computational 
workflow for executing a cooperative, scaffold-free robotic 
disassembly and reassembly process on an unknown existing 
structure. The practical implementation of this goal involves 
a series of physical demonstrations of the prototype tim-
ber structure that was described in Sect. 3.2. The overall 
project is strategically divided into three distinct fabrica-
tion phases, each serving as a milestone to incrementally 
evaluate the developed methods that will be described in 
Sect. 4. Each phase demonstrates increasing complexity in 
both the structural disassembly and reassembly tasks and 
the degree of cooperative robotic sequencing necessary to 
execute these tasks in a scaffold-free manner. These phases 
are as follows: Phase 1, single target member removal; Phase 
2, full wall disassembly and partial reassembly; Phase 3, full 
wall removal and reassembly. Further details and the results 
of these fabrication phases are presented in Sect. 5.

4  Workflow and methods

The overarching computational workflow utilized across 
all phases of the ZeroWaste project is illustrated in Fig. 4, 
depicting three primary components. Firstly, the use of 
3D cameras mounted on robots to capture geometric and 
positional data pertaining to the unknown existing timber 
structure, which is here represented by the prototype shed 
(Sect. 4.1). Secondly, calculation of potential cooperative 
robotic disassembly and reassembly sequences when given 
user-specified member targets. This is achieved by leverag-
ing the topological member support hierarchy representation 
of the structure (Sect. 4.2). Lastly, the workflow incorporates 
an evaluative process, assessing the feasibility of generated 
fabrication sequences, given the generated geometric data 

Fig. 3  Prototype structure shown as an assembly of five sub-struc-
tures with the members in each color-coded according to their type

Table 1  Members in the prototype structure

Member Letter Count Color

Floor N/A N/A White
Roof girder G 1 Red
Ceiling joist J 5 Green
Roof post P 2 Brown
Roof rafter R 14 Blue
Top plate (E/W) P 2 Pink
Top plate (N/S) P 2 Purple
Wall stud (E/W) S 22 Orange
Wall stud (N/S) S 12 Cyan
Header H 3 Yellow
Diagonal bracing D 7 Grey
Bottom plate F 4 Black
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on the structure, regarding both structural performance and 
constraints associated with robotic reach and path planning 
(Sect. 4.3).

4.1  3D camera and robots

Each of the two IRB4600 robots, positioned on tracks, is 
equipped with a Zivid 3D structured light camera with a 
spatial resolution of 0.39 mm at a distance of 700 mm (Zivid 
AS 2021). The initial phase of the project involved creat-
ing a point cloud of the entire existing structure, which is a 
composite stitched together from several independent cam-
era captures taken at various locations around the structure. 
Performing this procedure is essential before initiating any 
fabrication processes since an accurate digital representa-
tion of the as-built geometry of the unknown structure is 
required. Even if a pre-existing digital model of the struc-
ture is available, as is the case with our prototype structure, 
this point cloud step must still be performed as the as-built 
conditions of the structure invariably differ from the perfect 
digital model.

Moreover, beyond generating an accurate geometric 
representation of the structure, accurately positioning this 
geometry within the workcell is equally vital. This requires 
that the structure is correctly situated with respect to robots. 
Precise relative positioning is essential for the execution of 
robot move commands, which are sent relative to robots’ 
base coordinate frame - that is, where the robot perceives 
its spatial location to be. Therefore, maintaining align-
ment between the as-built digital representation of the real 
structure and the perceived location of the robots in the 
fabrication cell is crucial for the execution of all robotic 
movements.

4.1.1  Point cloud capture

To construct an accurate as-built model of the structure, the 
robots capture 3D images from different spatial positions as 

they move around the structure (R1 = 105, R2 = 62 separate 
positions). Each capture generates a unique point cloud. The 
individual point clouds are then transformed to the correct 
global coordinate frame and combined into a single point 
cloud representing the whole structure, shown in Fig. 5.

4.1.2  Point cloud transform

The cameras are mounted on the robots used for the fabrica-
tion tasks, which is known as an eye-in-hand setup. Since the 
Tool Center Point (TCP) location with respect to the robot 
base is always known by the robot controller, this can be 
used to perform coordinate transforms on point clouds cap-
tured by the fixed camera. A point in the camera’s coordinate 
system (i.e., how the camera sees the object), Pobject_camera , 
can be transformed to a point in the global coordinate frame 
of the CAD model, Pobject_world0 , aligned with where the 
robots are situated in the global coordinate frame in the fol-
lowing manner:

Where the 4x4 transformation matrices are the following: 

H1: from TCP to camera. This transformation is calculated 
from a single eye-in-hand calibration routine that must 
be performed only once each time the camera is re-
mounted.

H2: from robot base to TCP. This transformation is calcu-
lated from the positional frame representing the TCP, 
which is queried from the robot controller using the 
COMPAS RRC API (Fleischmann et al. 2020) at each 
camera capture.

H3: from World0 to Work Object (WOBJ) frame. This trans-
formation is calculated from an user-defined coordinate 
frame set for each robot. This frame serves to establish 
a unified coordinate system for all the robots in multi-
robot process, aligning them with the global coordinate 

Pobject_world0 = H3 ∗ H2 ∗ H1 ∗ Pobject_camera

Fig. 4  Computational workflow showing the interaction between the methods described in Sect. 4
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frame of the CAD model. Consequently, all positional 
data is defined relative to this unified coordinate system.

4.1.3  Point cloud down‑sample

The 3D cameras have a resolution that results in captured 
point clouds with greater fidelity than is strictly necessary 
for the subsequent robotic processes. Individual captures 
range from 50 to 200k points, resulting in raw combined 
point cloud model with 23.6M points (R1 = 14.5M and R2 
= 9.1M points). A model of this size is computationally 
expensive to work with. In addition, the process of com-
bining separate captures also leads to overlapping regions 
with duplicated points. Thus, further processing to reduce 
the overall point cloud density and remove the unnecessary 
duplicate points is required.

The raw point cloud undergoes down-sampling using 
statistical outlier, radius outlier, and voxel filters from the 
open3D package library (Zhou et al. 2018). The hyper-
parameters for this process are shown in Table 2, where the 
low-definition (LD) settings result in a coarse overall model 
with only 0.55 million points, while the high-definition (HD) 
settings result in a model with 11.8M points. A final manual 
clean to remove unnecessary points, such as the ground, or 
any visible missed outliers, further reduces the model size 
slightly. The smaller LD model is used in computational 
processes where working with a minimal dataset is crucial, 
while the higher-quality HD model is suitable for visual 
applications.

Figure 5 displays the final combined model of the as-built 
prototype structure accurately located with respect to the 
robotic cell after the process of transformation and down-
sampling. This image also illustrates the difference in the 
density between the raw and down-sampled point clouds for 
a small region of the structure.

4.2  Topological support hierarchy

Creating a computational framework to plan disassembly 
and reassembly sequences that are both stable and feasi-
ble requires a robust representation of the interconnections 
and support relationships within a structure. One effective 
method for visualizing this connectivity is using a multidi-
rected graph (multidigraph) data structure Valiente (2021). 
In the context of this research, we developed a representation 
referred to as the topological support hierarchy graph. In this 
graph, individual members are depicted as vertices, while 

Fig. 5  As-built point cloud of the prototype structure from combined 
individual captures transformed to the correct location in space with 
respect to the robotic cell (left). Point cloud density for a small region 

of the structure before (top-right) and after (bottom-right) down-sam-
pling with low-definition settings

Table 2  Hyper-parameters and results for low-definition (LD) and 
high-definition (HD) down-sampling procedures

LD HD

pcd (start) 23.6M 23.6M
voxel_size (m) 0.010 0.001
nb_neighbor 30 20
std_ratio 1.0 2.0
nb_points 20 20
radius (m) 0.08 0.08
pcd (down-sample) 0.6M 11.8M
pcd (manual clean) 0.5M 11.3M
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physical connections between members are represented as 
edges. The direction of support is indicated by outgoing 
edges, effectively portraying the load-path.

However, representing geometric information, such as 
where along a member (e.g., a top plate) multiple members 
are being supported, poses a challenge in a topological data 
structure like a graph. To address this challenge, we propose 
a more detailed and precise graph representation by decom-
posing certain elements into their constituent submembers. 
Each submember is then treated as an independent vertex in 
the graph. To signify their mutually supportive relationship, 
vertices corresponding to submembers of the same member 
are connected by two parallel, opposing edges-a situation we 
refer to as a fixed connection.

Figure 6 illustrates the methodology for how a structure 
can be represented as a topological support hierarchy graph, 
for two members (B) supported by members (A and C). 
This graph representation can be further refined by divid-
ing members A and C into submembers, providing a more 
nuanced depiction of how individual members are supported 
within the structure.

4.2.1  Build global support hierarchy graph

The global support hierarchy graph representing the entire 
prototype structure, which is an input to the computational 
processes for planning robotic fabrication sequences, is 
shown in Fig. 7. Constructed manually, this graph adheres to 
the principles illustrated in Fig. 6. Vertex names and colors 
are aligned with the member naming and color scheme 
described in Sect. 3.2, while edges are color-coded based 
on their originating vertices. To more accurately capture the 
support a hierarchy of the numerous individual members 
supported on them, the top plate and roof ridge beam mem-
bers are represented as a series of submembers with fixed 
supports between them.

The graph in Fig. 7 visually partitions the structure into 
five distinct regions, either the roof or one of the four walls. 
However, this segmentation is primarily for clarity since the 
relative positioning of vertices lacks significance, as a graph 
data structure exclusively conveys topological information. 
The structure terminates at the foundation supports, visually 
shown in the graph by octagonal vertices that represent the 
connection between the bottom plate of each wall and the 
ground beneath.

4.2.2  Build active member subgraphs

Given an active member, such as a target specified for 
removal, an algorithmic operation can be executed on the 
global support member hierarchy graph of the entire struc-
ture. This procedure yields a subgraph encompassing the 
members that are directly affected during the removal of 
the active member.

This procedure is based on a customized breadth-first 
search algorithm (Valiente 2021), which is used to traverse 
the regions in the global support hierarchy graph adjacent to 
the vertex representing the target member. The rationale for 
this search approach is that achieving a feasible disassembly 
sequence without leaving unstable or disconnected compo-
nents in the structure is higher when all members in the region 
connected to the target member are also removed or identi-
fied as requiring some form of temporary support during the 
overall removal process. For instance, if an active member 
is supporting several other members, it is logical to remove 
these supported members first as it is unlikely that they will 
remain structurally stable upon the removal of the active mem-
ber. Thus, a breadth-first search is used to identify whether 
a member actively supports or is supported by other mem-
bers, a condition represented by incoming and outgoing edges 
from neighboring vertices. Thus, any members connected to 
the active member will become part of the overall disassem-
bly sequence. This procedure is then iterated to identify the 
members in turn supported by these intermediate members, 
resulting in a subgraph of the global support hierarchy graph 
that represents all the affected members in for a user-specified 
active member.

The process of calculating subgraphs for individual user-
specified active members is shown in Algorithm 1, with the 
breadth-first search performed in the calc_subg function 
(Appendix A.1). When multiple user-specified active mem-
bers are indicated for a single disassembly procedure, there is 
no need to repeat the breadth-first search. Instead, as shown in 
Algorithm 2, the subgraphs representing the individual mem-
bers can be joined to produce the subgraph for the multiple 
active member case. All graph-based computational processes 
are performed using the NetworkX package for Python (Hag-
berg et al. 2008).

Fig. 6  Directed edges show that members B1, B2 are supported by 
members A1 and C1. These support members can also be shown sub-
divided into their constituent submembers that are connected with 
parallel and opposite edges to represent a fixed connection
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Algorithm 1  Single Member Subgraph(s) Calc

1: procedure bld subg single(G, rms)
2: Ks ← []
3: for rm in rms do
4: K ← calc subg(G.copy(), rm)
5: n cut ← fxd nodes cut(G, K)
6: fxd nodes support(G, K, rm, n cut)
7: Ks.append(K)
8: end for
9: return Ks

10: end procedure

Algorithm 2  Multi-Member Subgraph Calc

1: procedure bld subg multi(G, Ks, rms)
2: K joined ← nx.compose all(Ks)
3: add in extra edge(G, K joined)
4: n cut ← fxd nodes cut(G, K joined)
5: fxd nodes support(G, K joined, rms, n cut)
6: return K joined
7: end procedure

The breadth-first search concludes when the vertex-
checking queue is empty. This occurs before traversing 
the entire graph due to certain conditions that lead to 
a vertex being labelled as an end, meaning its neigh-
bors are not examined. For instance, a vertex with only 
outgoing edges implies that the member it represents 
can be removed without impacting any other parts of 
the structure. Conversely, a vertex with only incoming 
edges designates a foundation support vertex that will 
not be removed.

The end condition is also triggered for any vertex pos-
sessing at least one fixed edge (i.e., equal and opposite 
parallel edges), indicating that it represents a submem-
ber. However, additional logic is necessary to determine 
whether these submembers qualify as valid end supports. 
A submember with only one fixed connection, desig-
nating it as the terminal segment of a larger member, 
may pose a potential stability hazard and requires further 
scrutiny. If such a submember shares a sole unidirectional 

Fig. 7  The global connection hierarchy in the timber prototype struc-
ture is represented as a multidirected graph with outgoing edges 
indicating the direction of support. The graph is organized into five 

regions, where the names and colors of the vertices are based on the 
convention introduced in Sect. 3.2
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edge with an active member, it necessitates removal, thus 
being treated as a standard vertex to be added to the 
breadth-first search queue. Alternatively, the submember 
may also require removal if all its edges are found in the 
subgraph, a condition verified in the fxd_nodes_cut func-
tion Appendix A.2). Otherwise, the submember is con-
sidered adequately supported and remains in the structure 
acting as an end support in the subgraph.

In the fxd_nodes_support function, all the ends that 
remain in the structure (i.e., submembers with fixed con-
nections) are checked for adequate support at the culmi-
nation of the removal process (Appendix A.2). Adequate 
support is defined by the requirement that at least two 
supports (i.e., outgoing edges) persist in the global sup-
port hierarchy graph once the subgraph has been deleted. 
For example, a submember with two fixed connections, 
signifying its placement within the interior of a larger 
member, is considered adequately supported. This con-
dition serves as a safeguard against the formation of 
structurally undesirable cantilevered segments within 
the remaining structure after the disassembly process is 
completed. This is checked in both the single and multi-
member subgraph procedures outlined in Algorithms 1 
and 2.

Figure 8 shows example subgraphs calculated using 
the computational procedures outlined in this section 
given different user-specified targets: east side rafter #2 
(ER2), east side stud #10 (ES10), north side top plate 
submember #1 (NP1_1), east side top plate submem-
ber #2 (EP1_2), and the composite of west side stud #3 
(WS3) + west top plate submember #2 (WP1_2). The 
colors for the edges and vertices in these subgraphs no 
longer indicate the physical member type, but instead 
represent output related to how the edges and vertices 
have been labelled in the computational process when 
generating the subgraph. For example, black is used for 
end members and green is used for start members. The 
shape of the vertices is also used to distinguish between 
different conditions. If an edge is black it represents typi-
cal support between members, but dashed red edges indi-
cate that a submember will require physical cutting from 
the overall member it is a part since it must be removed 
in the disassembly process. The complete legend for the 
nodes and edges are labelled in the active member sub-
graphs is shown in Fig. 8.

4.2.3  Calculate fabrication sequences

A computational procedure is employed to calculate a set of 
potential fabrication sequences, utilizing an active member 
subgraph generated through the methodology outlined in 

Fig. 8  Examples of active member subgraphs constructed using the algorithmic procedures described in Sect.  4.2.2. Vertices and edges are 
drawn to represent the different conditions as per the legend
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Sect. 4.2.2. Conceptually, this involves unfolding the sub-
graph data structure into a linear sequence of discrete fab-
rication steps. The overarching method for generating these 
sequences is summarized in Algorithm 3, with supplemen-
tary functions further explained in the Appendix (Appendix 
A.3).

Algorithm 3  Unroll subgraph into sequence

1: procedure bld sequence(K, rms, num agents)
2: saved K, saved seq ← [],[]
3: n active type ← [“start”,“rob sprt”]
4:
5: while True do
6: n1 ← find n active(K, n active type)
7: n2 ← set new to rob support(K)
8:
9: if n1 ∪ n2 is ∅ then

10: terminate loop
11: end if
12:
13: n rmv,n rob sprt ← select n active(n1,n2)
14:
15: saved K.append(K)
16: saved seq.append(n rmv)
17:
18: K.remove nodes from(n rmv)
19: K ← new subg relabel(K, rms)
20: end while
21: return saved K, saved seq
22: end procedure

The algorithm locates start vertices in the subgraph 
describing the full fabrication sequence. These vertices are 
first saved as a discrete disassembly step and then removed 
from the subgraph to represent the physical process occur-
ring. The remaining subgraph is then relabeled with new 
start nodes to account for the resulting changes in the sup-
port hierarchy after this step is executed. This process of 
locating, removing, relabeling is iterated on the subgraph 
until all nodes are removed. The objective is to optimize the 
removal of the maximum number of members in a single 
step, corresponding to the available robotic agents. In cases 
where the number of start nodes exceeds the count of robotic 

agents at a given step, a sequence is generated for each per-
mutation. Subsequently, this exhaustive set of sequences is 
evaluated as outlined in Sect. 4.3, to ascertain feasibility in 
terms of structural behavior and robotic reachability.

Figure 9 illustrates a representative outcome of the fabri-
cation sequence calculation process applied to the WP1_2 & 
WS3 active member subgraph, which was shown in Fig. 8. 
These calculations consider the presence of two robotic 
agents, thus allowing the removal of a maximum of two 
members per step. In step #1, more than two start vertices 
are identified, implying the existence of multiple permuta-
tions at this stage, where the displayed sequence represents 
just one of these possibilities. All end nodes (depicted in 
black) are retained in the sequence graphs for better visu-
alization; these nodes are not isolated components but are 
interconnected and adequately supported by the remaining 
structure beyond the boundaries of the specific subgraph.

4.3  Feasibility evaluations

The computational methods discussed in the preceding 
Sect. 4.2, rooted in the topological support hierarchy rep-
resentation of the structure, generate a sequence of fabri-
cation plans when provided with a set of active members. 
The primary goal at this stage is just to discern fabrication 
sequences that could potentially be executed without exter-
nal scaffolding while ensuring structural stability. Subse-
quently, these candidate sequences must undergo further 
examination, considering the physical structure itself, to 
verify feasibility and identify the optimal sequence.

An analysis of the generated sequences, evaluating both 
structural and robotic feasibility, precedes the selection of 
a sequence for execution. The verification process involves 
two concurrent procedures applied to the accurate as-
built point cloud gathered as per the methods described in 
Sect. 4.1. Firstly, the validation of robotic path planning and 
reachability is conducted using the COMPAS and COMPAS 
FAB package with a ROS backend (Rust et al. 2018; Mele 
and others 2017). Secondly, a parametric finite element (FE) 
analysis of the structure is carried out in Rhino/Grasshop-
per with Karamba3D (Rutten 2007; Preisinger and Heimrath 

Fig. 9  Example of a partial disassembly sequence (four steps) calculated from the subgraph for active members WP1_2 & WS3. After each step, 
the subgraph is relabeled with new start nodes in green
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2014) to assess the structural behavior at each step in the 
fabrication sequence.

4.3.1  Robotic feasibility

The first procedure involves assessing the physical execut-
ability of a proposed sequence from the robotic perspective. 
This evaluation focuses on ascertaining whether a robot can 
safely access and grip each building member specified in 
the sequence. This assessment is performed computationally 
through an inverse kinematic (IK) path planning operation, 
trying to move the robot to a target location on a specified 
member in the structure. This is done using the Plan Motion 
script implementing the RRT-connect path planning algo-
rithm available as part of the COMPAS FAB computational 
package (Rust et al. 2018). Generating a successful result 
from this operation ensures that the member is within the 
robot’s reach. Furthermore, it confirms the existence of a 
feasible motion path from the initial position to the final 
target plane for the robot’s TCP, avoiding collisions with 
itself, other robots in the work cell, the ground, or any part 
of the existing structure.

To ensure realistic outcomes, accurate information about 
the as-built conditions of the structure is essential. Conse-
quently, the as-built point cloud of the structure serves a dual 
purpose: it is utilized to establish authentic pick locations 
on the members and to define precise locations for collision 
meshes in the IK checks. The point cloud undergoes an ini-
tial manual processing phase, where the user selects multiple 
sets of three points from various locations along members, 

used to build planes in space. These planes represent poten-
tial locations and orientations for a robot to move and grasp 
a member during the execution of a planned sequence.

An illustrative example of the entire process is depicted in 
Fig. 10. The X1 point designates the plane’s center, serving 
as the target for the robot’s TCP to move to. The orientation 
of the X-axis of the gripper is defined by the vector between 
X1 and X2. Y1, representing the third point on the member’s 
surface, is necessary for establishing the spatial orientation 
of the plane. These designated pick locations are saved in a 
list and then undergo sequential testing during the evaluation 
of the disassembly sequence to assess which can be reached 
in a collision-free manner. If the IK checks return failure for 
all pick locations on a member, indicating the impossibil-
ity of the robot reaching this member from a path planning 
perspective, adjustments are necessary to the original disas-
sembly sequence. These adjustments may entail removing 
additional members before attempting to remove a target 
member or repositioning the robots strategically during the 
sequence to minimize obstructions.

4.3.2  Structural feasibility

The second step involves an assessment of the structural 
performance throughout a potential disassembly and assem-
bly sequence. This evaluation is conducted through a linear 
elastic FE model representing snapshots of the structure at 
various stages during the execution of a sequence. Like the 
robotic feasibility check, the as-built point cloud is employed 
to create an accurate FE model, ensuring its fidelity to the 

Fig. 10  Left: Five pick locations (P1–P5) on a member are manually 
initialized from the as-built point cloud of the structure. Middle: At 
each location, three points are used to define a spatial plane for the 

robot to reach. Right: Inverse kinematic path planning checks reveal 
that only P3 is reachable by a robot without encountering collisions 
with the structure or other robots in the work cell
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real geometry of the structure. The beam elements in the 
model are located based on the center-line data of the mem-
bers identified within the point cloud.

Utilizing the parametric Rhino/Grasshopper environment 
alongside the Karamba3D finite element package (Rutten 2007; 
Preisinger and Heimrath 2014) allows for the rapid investigation 
of candidate fabrication sequences. In this parametric environ-
ment, members can be selectively activated or deactivated to 
reflect a fabrication sequence being executed. Furthermore, 
additional supports, reflecting the positions of the robotic arms 
gripping the structure during the execution of a sequence, can 
be toggled on and off. This temporary support provided by the 
robots is represented as a standard pin support in the model. The 
structural members are themselves modeled as beam elements 
with semi-rigid joint connections. The overall FE model termi-
nates at the bottom of the stud members, where their connection 
to the bottom plate is represented with a pin support.

While the actual structure only experiences self-weight 
loading, based on a dimensional lumber density of 6 kN∕m3 , 
a more realistic loading condition is simulated by applying 
an additional uniform roof loading of 2.0 kPa distributed 
across the roof area. To further emulate real-world condi-
tions, a vertical load of 1.0 kPa is applied to the wall studs, 
representing the typical presence of hanging cladding and 
plywood sheathing in such structures.

The structural assessment fails if, at any step a given fab-
rication sequence, either the strength or serviceability con-
ditions are exceeded. These conditions are calculated with 
the conservative assumption that SPF stud grade lumber is 
used, which has a bending strength of 4.3 MPa and a modu-
lus of elasticity of 3 GPa (American Wood Council 2015). 
The user-specified strength condition dictates that no mem-
ber should experience a combined bending and axial stress 
exceeding 3 MPa. Additionally, the serviceability condition 
stipulates that beam deflections should not surpass 2 L/360, 
L/360, or L/180 for fixed, simply supported, and cantilever 
situations, respectively.

4.4  Physical implementation

After calculating a feasible fabrication sequence, the planned 
robotic path for each step in the sequence is sent from the 
human operator’s computer to the robotic controller. The 
execution of each step begins when the human operator 
presses the play button on the Flex Pendant interface con-
nected to the controller. For the removal of a structural mem-
ber, the planned path starts from the initial resting position 
of the robotic arm and ends on the targeted member. The 
pneumatic gripper is then engaged to securely grasp the 
member. At this point, the robotic sequence pauses, requir-
ing the human operator to manually remove any nail fas-
teners. This task is performed using a reciprocating saw 
equipped with a metal cutting blade. Additionally, any fixed 

members can be cut into sub-members at this stage. Once 
the structural member to be removed at that specific step is 
freed and prepared for removal, the human operator triggers 
the start of the removal path. This process is repeated sev-
eral times throughout a fabrication phase, alternating which 
robots are used to temporarily support the structure and to 
place/remove members.

5  Results and discussion

In the following section, the planning and execution of three 
distinct fabrication phases are documented. The overall pro-
ject is strategically divided into three phases to incremen-
tally test the developed methods outlined in Sect. 4. Each 
phase increases the complexity of the structural disassembly 
and reassembly tasks, as well as the degree of cooperative 
robotic sequencing required for execution. All phases are to 
be planned and then executed in such a way that the structure 
not only remains stable throughout the fabrication process 
but the resulting final structure also terminates in a state 
that is stable.

5.1  Phase 1 (P1): single target member removal

The first phase focuses on validating the overall compu-
tational workflow developed for the project. Tasked with 
a straightforward fabrication objective, P1 demonstrates 
robotic sequence planning and execution where the start-
ing goal is simply to remove a single simulated “damaged” 
member from the prototype structure. The cooperative 
robotic process involves two of the three available robots 
(R2 & R3), which is the minimum required for the robotic 
workflow to be considered cooperative. The planning of this 
phase was discussed in an existing work-in-progress paper 
on the project (Bruun et al. 2022b), with additional informa-
tion on the planning and execution of the phase presented 
in this paper.

5.1.1  Preliminary planning

Member SS1 (South Wall, Stud #1) is chosen as the member 
that is the target to be removed in P1. The active member 
disassembly subgraph for SS1 with all corresponding ele-
ments highlighted on the structure is shown in Fig. 11a.

A potential four-step disassembly sequence generated 
from this subgraph is shown in Fig. 11b. The structural 
and robotic kinematic feasibility evaluation reveals that the 
sequence is structurally feasible but fails since no robot can 
reach member SS1 without colliding with either member 
WS9 or SS3 in its path. Thus, this first iteration indicates 
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that the removal of either WS9 or SS3 must first occur as 
part of the overall fabrication task. This results in the genera-
tion of two new subgraphs representing the affected region 
of the structure when either of these members is added as 
an active member.

In Fig. 12a, the subgraph for option 1 is presented, involv-
ing the removal of SS3 before SS1. This option requires 
the removal of a total of 9 members but leads to inadequate 
support for member SP1_2 upon the termination of the 
sequence. On the other hand, Fig. 12b depicts the subgraph 
for option 2, removing WS9 before SS1. Despite a more 
extensive removal process involving 12 members, this option 
ensures a stable structure at the end of the sequence. Conse-
quently, option 2 is chosen for P1.

5.1.2  Fabrication sequence

Assuming the availability of two robotic agents for exe-
cuting the planned fabrication task, a viable disassembly 
sequence is derived from the active member subgraph gen-
erated for option 2 (members WS9 and SS1). This com-
puted disassembly sequence encompasses 9 discrete steps, 
wherein one or two members in the subgraph are safely 
removed from the structure using robotic agents. The 
actions in each step are determined based on the current 
state of the structure, visually represented by an updating 
subgraph at each step. The progression of the sequence 
and the planned action at each specific step is illustrated 
in Fig. 13a. Simultaneously, renderings of the structure, 
highlighting the targeted members for removal/support at 
that step and depicting the robots in the correct position 
for execution, are presented in Fig. 13b. In these figures, 
the pink denotes members that are temporarily physically 

Fig. 11  Planning the removal of member SS1

Fig. 12  Two new active member subgraphs generated from the inclu-
sion of additional removal targets determined by the feasibility evalu-
ation for the planned removal of SS1
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supported by a robot, ensuring adequate stability during 
that step.

5.1.3  Execution and resulting structure

The resulting structure after the completion of this 9-step 
disassembly sequence is displayed in Fig. 14. Further snap-
shots of the structure and robots at various stages of the 
phase are provided in Appendix B.1, with a supplementary 
video clip demonstrating a subset of Phase 1 fabrication pro-
vided together with this paper.

5.2  Phase 2 (P2): full wall disassembly and partial 
reassembly

Building upon the methodologies explored in the initial 
phase, the second phase of the study extends the disassem-
bly goal beyond a single-member target, as seen in P1. In 
P2, the objective is to safely remove a larger and more geo-
metrically complex portion of the remaining South wall of 
the structure. This phase also introduces increased complex-
ity in robotic planning by engaging all three available robots 
throughout the planned sequence.

In P2 the scope of the overall fabrication process is 
broadened by incorporating structural reassembly after 
completing the disassembly phase. This serves as a prac-
tical test for the reuse of members removed from the struc-
ture for alternative purposes. The disassembly goal in P2 is 
meant to explore what can be done when achieving a struc-
turally sound final structure after disassembly is not pos-
sible without external support. Unlike P1, where a small 
disassembly intervention meant that finding a feasible 
sequence resulting in a stable final structure was possible, 
P2 involves a much larger and more complex disassembly 
operation where no safe resulting structure is identified 
within reasonable constraints (i.e., without calculating a 
sequence to dismantle the entire structure).

Thus, following the completion of disassembly in P2, the 
only viable means to safely conclude the process is either to 
provide external temporary support structures at the targeted 
location or to reuse several removed members to reassemble 
a new but simple supporting structure. Notably, this reas-
sembly is considered partial, meaning that not all initially 
removed members are incorporated into the new structure. 
Additionally, in P2, the specific configuration of the new 
structure is not optimized; it solely acts as a prop, providing 
basic structural support to a region of the structure deemed 
unsafe after the disassembly is completed.

5.2.1  Preliminary planning

To facilitate the removal of the entire South wall, the mem-
bers chosen include the remaining top plate members SP1_2, 
SP1_3, and SP1_4. This selection forms the disassembly 
subgraph depicted in Fig. 15a. Like the preceding phase 
(P1), the resultant disassembly sequence proves infeasible 
due to unavoidable collisions, particularly with member 
ES10. To address this challenge, as illustrated in Fig. 15b, 
ES10 is incorporated as a removal target prior to disman-
tling the top plate. However, this adjustment also yields an 
unsatisfactory sequence, revealing inadequate support for 
the ridge beam member RG1_6 upon completion of the dis-
assembly process.

To rectify this structural instability, RG1_6 is included 
in the disassembly sequence, leading to the configuration 

Fig. 13  Phase 1 disassembly sequence
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shown in Fig. 15c. Yet, the removal of RG1_6 fails to 
resolve the issue, as the instability concern is transferred 
to the subsequent member, RG1_5. Upon further exami-
nation, it becomes evident that achieving stability neces-
sitates the removal of the entire ridge beam, along with 
all roof girders and joists. However, such an extensive 
intervention exceeds the intended scope of disassem-
bly. Consequently, the disassembly process is limited 
to the members highlighted in the structure as shown in 
Fig. 15c, requiring a subsequent reassembly phase with 
additional support provided to stabilize member RG1_5 
at the conclusion of the sequence.

5.2.2  Fabrication sequence

Assuming the availability of all three robotic agents for exe-
cuting the planned fabrication task, a viable disassembly 
sequence is calculated for the disassembly subgraph shown 
in Fig. 15c. The progression of the sequence and the planned 
action at each specific step is illustrated in Fig. 16a. Simulta-
neously, renderings of the structure, highlighting the targeted 
members for removal/support at that step and depicting the 
robots in the correct position for execution, are presented 
in Fig. 16b. In these figures, the pink denotes members that 
are temporarily physically supported by a robot, ensuring 
adequate stability during that step.

The disassembly sequence unfolds through steps 1 to 8, 
reminiscent of P1, employing only two robots. However, 
from step 9 onwards, the involvement of all three robots 
becomes necessary, orchestrating a leapfrogging strategy to 
dismantle the members supporting the roof girder. In step 
12 the structure is shown in its temporary state, stabilized by 
R3. At this point, further disassembly is hindered, given that 
only R3 can access the final members but R3 must concur-
rently support the structure at this step. In addition, RG1_5 
will eventually require additional support at the conclusion 
of the disassembly as noted when planning this sequence. 
To address both challenges, a reassembly stage is initiated 
after step 12.

Several recently removed members—namely ER6, ER7, 
SS6, SS4, and SS4—are strategically reassembled into 
a new supporting structure as shown in steps 13 to 17 in 
Fig. 17. This new structure not only provides crucial sup-
port to member RG1_5 but also frees R3 since it is no longer 
required for support and can thus continue with the remain-
ing disassembly steps. The final members are removed by 
R3 in steps 17 and 18, completing the planned disassem-
bly sequence while resulting in a structurally sound final 
configuration.

5.2.3  Execution and resulting structure

Figure 18 shows snapshots of the disassembly sequence at 
two critical steps. In step 10, all three robots are required. 
In step 12, R3 is used to support the roof girder before the 
reassembly begins and additional support is added to the 
structure.

The completed structure resulting from the reassembly 
sequence is shown in Fig. 19a. Additional snapshots illus-
trating various steps during disassembly and reassembly are 
presented in Appendix B.2, with a supplementary video clip 
demonstrating a subset of the Phase 2 fabrication provided 
together with this paper. Upon concluding Phase 2, in prepa-
ration for subsequent phases, the point cloud gathering pro-
cedure outlined in Sect. 4.1 is repeated to capture deforma-
tions in the structure and the as-built position of the newly 
added members. This updated point cloud and the assembly 
hierarchy graph are shown in Fig. 19b.

5.3  Phase 3 (P3): full wall and roof disassembly 
and reassembly

Phase 3 marks the project’s culmination, surpassing the 
disassembly scopes of P1 and P2. In P3 the objective is to 
remove all remaining members in the West wall and roof 
sub-structures. Additionally, it introduces tighter con-
straints in reassembly, adopting a one-to-one approach: each 
extracted member is reincorporated to reshape the West wall 
into a lattice structure, improving its overall lateral stiffness.

5.3.1  Preliminary planning

As illustrated in Fig. 20, Phase 3 designates twelve remain-
ing members within the West wall and roof sub-structures 
for removal. The diagonal brace (WD1), is also planned 

Fig. 14  Prototype structure at the end of the disassembly in Phase 1 
(from Bruun et al. (2022b))
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for removal, but is not considered a valid member for reuse 
since the diagonal members take the place of typical planar 
sheathing used to provide lateral stiffness.

Only the two stud members in the North corner (WS1 and 
WS2) and the top plate (WP1) are not specified as removal 
targets. Retaining the corner stud members prevents the 
need to extend the disassembly sequence into the North 
wall, while the top plate acts as a support constraint for the 
newly reassembled wall. The planned goal for the reassem-
bly process in P3 is to fit the new lattice wall structure within 
the current volume of the existing wall. This means that all 
the new members must fit within the original 4" thickness 
specified by the stud members in the wall (i.e., for a 2 × 4" 
stud wall).

5.3.2  Fabrication sequence

The disassembly and reassembly of the twelve specified tar-
get members results in a fabrication sequence consisting of 
25 steps. This sequence can be represented as two distinct 
sub-tasks: (1) Steps 1–12 involve the removal and reassem-
bly of the initial set of 6 members, while (2) Steps 14–25 
involve the removal and reassembly of the subsequent set of 
6 members. The first set consists members WS6, RJ5, WR5, 
RJ4, WR4, and WS5 (in order) and the second set consists 
of members RJ3, WR3, WS4, RJ2, WR2, WS3 (in order).

Fig. 15  Planning the removal of the south wall as part of Phase 2 and 
resulting in a final structure that requires additional support

Fig. 16  Phase 2 disassembly sequence
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In Fig. 21, the planned fabrication sequence is shown as a 
series of renderings of the structure at each step, highlight-
ing the remaining members in the structure still requiring 
removal/support, the newly placed members, and the posi-
tion of the robots involved in each step. Upon reassembly 
into the structure, the members are depicted in white, signi-
fying that they are no longer part of the active sequence plan. 
To streamline the presentation within the main body of the 
paper, the corresponding support hierarchy subgraphs for 
each step are provided in Appendix B.3. Step 13, which is 
omitted from Fig. 21, represents the removal of the diagonal 
member (WD1), which as previously established is just a 
placeholder element used in lieu of planar sheathing. In steps 
6/7 and 18/19, the robot first removes the roof joist, which 
frees the roof girder, then the joist is reattached to the top 
plate. In both the renderings and subgraphs, the pink denotes 
members temporarily supported by a robot, providing the 
necessary stability during the execution of the sequence.

5.3.3  Execution and resulting structure

Figure 22a shows a snapshot of the newly assembled structure 
at the end of step 24, as R2 is positioning the final planar ele-
ment into the wall. Four of the reassembled members (e.g., 
RJ4, RJ5, RJ2, WR2) are placed in the out-of-plane direc-
tion to provide bracing to the wall, thus the planar wall itself 
consists of only eight new members. As shown in Fig. 22b 
the result is a planar wall where the standard vertical stud 
wall typology is replaced with a lattice typology. The lattice 
arrangement features members crossing at several points. At 
each of these points, the members are connected to each other 
to stiffen the entire wall system. The members are arranged 
along their strong axis, meaning that the thickness of the plane 

Fig. 17  Phase 2 reassembly sequence

Fig. 18  Snapshots of Phase 2 disassembly
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of the wall is only 2", thus two members can cross and still fit 
within the original 4" wall cavity as specified by the original 
wall studs. Additional snapshots illustrating various steps dur-
ing disassembly and reassembly are presented in Appendix 

B.3, with a supplementary video clip demonstrating a subset 
of the Phase 3 fabrication provided together with this paper.

Two linear elastic finite element analyses were conducted 
to compare the relative lateral stiffness of the original and 
reassembled West wall. Despite the mass increasing from 
34.4 to 44.1 kg between the original and reassembled wall, a 
significant improvement in stiffness was noted. For instance, 
the unbraced original wall with vertical studs exhibited a 
maximum deflection at its top of 67.6 cm, whereas the reas-
sembled wall with a lattice configuration experienced a lat-
eral deflection of only 0.3 cm. This comparison was solely 
intended for relative assessment, thus the applied lateral 
loading of 5 kN at the top of the walls was arbitrarily cho-
sen. Additionally, to ensure comparability, identical support 
conditions were maintained across the models, with supports 
modeled as pins and connections between members fixed. 
Representing joints in a traditional stud wall as fixed is a 
conservative assumption since these connections are typi-
cally more flexible, suggesting that the actual performance 
of the traditional wall might be even worse if flexibility were 
introduced in the joints. The successful reassembly of the 

Fig. 19  The prototype structure at the end of the disassembly and reassembly in Phase 2

Fig. 20  The disassembly subgraph for the removal of the West wall 
and roof members
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West wall in Phase 3 demonstrated the potential for rebuild-
ing a structure with enhanced structural performance.

Figure 23 summarizes the results of the finite element 
analyses, visually depicting the relative difference in deflec-
tion between the two configurations. While conventional 
stud walls typically rely on planar sheathing elements for 
lateral stiffness, advancements in digital fabrication raise 
questions about the necessity of this approach. Precise place-
ment of elements in space allows for the exploration of alter-
native geometries beyond conventional rectilinear forms. As 
demonstrated by the reassembled West wall, approximately 
the same amount of material arranged in a planar lattice 
structure can effectively resist both gravity and lateral loads, 
thus sheathing would not be required for structural perfor-
mance, potentially leading to flexibility in how such a wall 
unit would be designed in the future. With the growing avail-
ability of flexible robotic fabrication setups these results 
challenge the traditional notion that timber framing must 
adhere to rectilinear forms, which have been developed for 
ease of manual construction.

6  Conclusion

This paper presented the computational workflow used for 
planning cooperative robotic disassembly and reassembly 
tasks on an existing timber structures, which builds on 
our preliminary work-in-progress conference publication 
on the same topic (Bruun et al. 2022b) The current paper 
demonstrated how cooperative robotic setup could be used 
to collect as-built geometric data on an unknown structure, 
while also being used to physically execute planned fab-
rication tasks involving placing/removing elements while 
simultaneously supporting the structure. The ZeroWaste 
project demonstrated how considerations for material 
reduction and reuse can be paired with the capabilities 
of contemporary cooperative robotic fabrication setups.

6.1  Summary of results

The paper started by introducing the computational methods 
developed for the ZeroWaste project. These methods were 
subsequently applied to achieve research objectives related 
to circular economy principles and the use of robotic fabri-
cation methods.

Fig. 21  Phase 3 disassembly and full reassembly (each member removed is reused)
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In terms of circular economy objectives, we successfully 
executed three fabrication case studies on the prototype 
structure that demonstrated the potential for existing timber 
buildings to function as reservoirs for reusable materials. By 
executing varying degrees of disassembly and reassembly 
on an unidentified timber prototype structure, we showed 
how new structural configurations could be created from 
previously utilized materials. We demonstrated the “nar-
row” circular economy principle, by avoiding the need to 
use any external temporary supporting scaffolding during 

fabrication. We demonstrated the “slow” circular economy 
principle, through the reuse of existing material.

In terms of computational and cooperative robotic fabri-
cation methods, the project utilized a robotic cell equipped 
with three large-scale robotic arms. Initially, 3D cameras 
mounted on the robots captured precise geometric data of 
the prototype structure, aiding in efficient robotic sequence 
planning. Subsequently, a novel graph-based representa-
tion known as the support hierarchy graph was developed 
to depict the order of member support in the structure, 
facilitating the calculation of structurally stable fabrication 
sequences through algorithmic operations. These sequences 
were further assessed for feasibility considering factors such 
as robotic reach and structural stability. Leveraging the 
cooperative potential of the robotic setup, the planned fab-
rication sequences were executed, with the robots simultane-
ously removing/placing members while providing temporary 
structural support as needed for stability. This approach ena-
bled the execution of fabrication sequences without exter-
nal temporary scaffolding, as the robots served as passive 
structural support.

Across three distinct phases of physical case studies on 
the prototype structure, the ZeroWaste project highlighted 
the potential of reducing reliance on scaffolding and vir-
gin resources during construction. Phase 1 centered on the 
removal of a single targeted member, validating the compu-
tational and cooperative robotic workflow, and demonstrat-
ing scaffold-free cooperative robotic disassembly through 
a sequence executed by two robots. Phase 2 expanded the 
disassembly objective to encompass a larger portion of the 
structure-the full South wall-utilizing all three available 
robots and incorporating structural reassembly to highlight 
the potential for reusing extracted members. Phase 3 went 
further by disassembling all remaining members in the West 
wall and roof sub-structures, introducing stricter constraints 
in reassembly. Each extracted member was reincorporated 
to reshape the West wall into a new lattice configuration, 
thereby enhancing its lateral stiffness. Through the success-
ful execution of these phases, the ZeroWaste project illus-
trated the feasibility of orchestrating scaffold-free coop-
erative robotic disassembly and reassembly processes for 
existing timber structures, setting the stage for more sustain-
able construction practices.

6.2  Limitations and future work

While the current study has made significant contributions in 
developing and demonstrating methods for advancing scaf-
fold-free cooperative robotic disassembly and reassembly 
processes for existing timber structures, several limitations 
and avenues for future research remain to be addressed to 
improve the scalability and the broader applicability of this 
research.

Fig. 22  The prototype structure at the end of the disassembly and 
reassembly in Phase 3
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Real-time Feedback on As-built Geometry: An inherent 
limitation of our current approach lies in the reliance on 
pre-scanning the structure to generate a point cloud before 
beginning the planning of a particular fabrication phase. The 
method developed lacks the ability update the point cloud 
model promptly and accurately with changes during fabrica-
tion, necessitating a complete re-scan of the structure for any 
major changes to be updated in the model. Future research 
should prioritize the development of processes enabling the 
robots to dynamically collect information and update the 
as-built point cloud model of the structure while concur-
rently performing fabrication tasks. Such a real-time feed-
back mechanism would improve adaptability and accuracy 
in planning and executing fabrication processes, particu-
larly for geometrically complex and dynamically changing 
structures.

Automating Point Cloud Processing for Feasibility Assess-
ments: Another area requiring attention is the reduction 
of manual steps involved in setting up and processing the 
results of the path-planning and reachability feasibility 
assessments. Currently, users must manually select several 
locations on the point cloud representation of a member 
selected in a sequence only to conduct a series of brute force 
path-planning and reachability checks at these locations, a 
process that is both time-consuming and labor-intensive. 
Future research avenues would be to explore automated 
methods to streamline this process, potentially leveraging 
machine learning algorithms and computer vision techniques 
to automate point cloud processing with respect to perform-
ing these path-planning checks. Similarly, the implementa-
tion of a more automated approach to creating the finite ele-
ment model based on the as-built point cloud holds promise 
for significant reductions in time required for the structural 
feasibility assessments. Currently, users are tasked with pro-
cessing the point cloud manually to construct the structural 
analysis model for each sequence, based on the centerline 
locations of members.

Integrating Results of Finite Element Analysis with Graph 
Representation: Enhanced integration between finite ele-
ment analysis results and the support hierarchy graph rep-
resentation could optimize the generation and selection 
of fabrication sequences. Currently, all graph edges have 
uniform weights, but updating them dynamically based on 
previous analysis findings would facilitate a more informed 
sequence generation process. For example, this could take 
the form of updating edge weights based on the structural 
loading the members experienced in a previous step. But 
other user-specified criteria could also be set. Overall, bet-
ter linking integration of the finite element analysis and the 

graph representation would help reduce the extensive set of 
potential sequences currently generated and then verified.

Use of Mobile Robots: The inclusion of mobile robots for 
specific tasks, such as data gathering and material han-
dling, holds promise for enhancing the overall scalability 
and broader applicability of the methods developed in this 
project. Utilizing mobile robots alongside stationary robotic 
arms would enable a better distribution of labor between the 
robots and broaden the overall reach of the cooperative setup 
allowing it to manage more diverse construction scenarios. It 
would also allow for larger structures to be disassembled, as 
currently the physical limit is set by the fixed volume of the 
robotic setup. In addition, fasteners are currently removed 
manually, and a mobile robot could instead be used to per-
form this function.

Life-Cycle Analysis: Analyzing the environmental impact 
of using robots to replace traditional methods on a job 
site would provide a clearer understanding of the pros and 
cons of different approaches. While our research primar-
ily focused on showcasing cooperative robotic scaffold-free 

Fig. 23  Finite element analysis comparing the lateral stiffness of the 
original (top) to the reassembled (bottom) West wall
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disassembly and reassembly processes, performing an 
energy balance or life-cycle analysis of these processes in 
the future is essential to determine the true impact of robot 
utilization.

In conclusion, addressing these limitations and pur-
suing future research directions will further advance the 

capabilities of cooperative robotic fabrication systems in 
the construction industry, to target the lack of efficiency 
in the construction section as a whole, and contribute to 
more sustainable construction practices.

Appendix A: Code for topological support hierarchy

A.1. Breadth‑first search subgraph calculation functions
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A.2. Fixed member check functions

A.3. Disassembly sequence functions
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Appendix B: Fabrication photos

B.1. Phase 1

See Fig. 24.
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Fig. 24  Phase 1 fabrication photos
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B.2. Phase 2

See Figs. 25, 26.

Fig. 25  Phase 2 fabrication photos (disassembly)
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Fig. 26  Phase 2 fabrication photos (reassembly)
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B.3. Phase 3

See Figs. 27, 28, 29

Fig. 27  Phase 3 subgraphs corresponding to steps in sequence
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Fig. 28  Phase 3 first half of disassembly/reassembly photos
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Supplementary Information The online version contains supplemen-
tary material available at https:// doi. org/ 10. 1007/ s41693- 024- 00137-7.
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